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(54) Dendrimer-based networks having lyophilic organosilicon and hydrophilic polyamidoamine 
nanoscopic domains 

(57) Dendrimer-based networks are prepared from 
copolydendrimer precursors having well defined 
hydrophilic polyamidoamine (PAMAM) or polypropyle- 
neimine (PPI) interiors and organosilicon outer layers 
ending with E=Si-OCH 3 surface groups. These networks 
have precisely controllable size, shape and spatial dis- 
tribution, of nanoscopic hydrophilic and hydrophobic 
domains. Such constructs are prepared by crosslinking 
one type of copolydendrimer precursor or by crosslink- 
ing mixtures of different copolydendrimers having differ- 
ent generations of PAMAM or PPI dendrimers in the 
interior, surrounded by different organosilicon exteriors. 
Crosslinking can be controlled by adding difunctional, 
Afunctional or polyfunctional low molecular weight or 
oligomeric crosslinking agents; or by exposing a copol- 
ydendrimer having hydrolyzable surface groups to 
atmospheric moisture. Elastomeric dendrimer-based 
networks have low glass temperatures of -15°C. or 
below, are optically clear, transparent, colorless and 
have a non-stick surface which are formed into films of 
small thickness. 
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Description 

Our invention discloses dendrimer-based networks having lyophilic organosilicon and hydrophilic polyamidoamine 
(PAMAM) and/or polypropyleneimine (PPI) nanoscopic domains and silicon-containing dendrimer-based elastomers 
5 prepared from radially layered copoly(amidoamineorganosilicon) (PAMAMOS) and/or copoly (propyl eneimineorganosil- 
icon) (PPIOS) dendrimer precursors. 

Dendritic polymers have become one of the fastest growing areas of research interest in polymer science for two 
main reasons. First, dendritic polymers provide for a new class of macromolecular architecture best described as tree- 
like macromolecules consisting of unique branch -upon-branch-upon-branch structural organizations. Second, these 
to new polymers exhibit properties that are not found in any other class of conventional polymer architecture, including lin- 
ear, randomly branched and crosslinked macromolecules. This latter molecular architectural feature is important for 
imparting macroscopic properties and behavior to polymeric materials. 

Among the dendritic polymers, particular attention has focused on dendrimers representing globular macromole- 
cules having branch junctures in every repeat unit, as well as unusually precise molecular shapes, sizes and function- 
75 ality. Depending on their chemical composition, these macromolecules assume shapes from almost spherical to 
ellipsoidal. Such macromolecules span the lower domain of the nanoscopic size region, i.e., from 1 to 15 nm in diameter 
with regular increments of 0.7 to 1 .3 nm per generation. Typically, the macromolecules contain from only few to several 
thousand inert or reactive surface groups. Reference is made to Table 1 for an example of one representative type of 
such a macrornolecule. 
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Table 1: Molecular characteristics of ethylenediamine (EDA) 
core TDolvamidoainine (PAMAM) dendrimers 

Number of Hydrodynamic Radius, A 
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233, 383 


48. 5 
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2048 


467, 162 


57 .0 




65.1 


10 


4096 


934, 720 


67.5 







The Hydrodynamic Radius shown in Table 1 was determined at 25°C., pH of 2.7, using 0.1 molar citric acid in water. 
Values are reported as obtained via Size Exclusion Chromatography (SEC) relative to linear polyethylene oxide stand- 
so ards; Dilute Solution Viscometry (DSV) and Small Angle Neutron Scattering (SANS). 

Additionally, dendrimers are obtained with almost perfect monodispersity. having weight average molecular 
weight/number average molecular weight (M^J coefficients routinely below 1 .02 and ranging in molecular weights 
from only several thousand to a million or more. Hence, because of their unprecedented structural regularity and high 
functionality, dendrimers represent precisely defined nanoscopic building blocks available for preparation of more com- 
55 plex supermolecular nanoconstructions that have not been previously attainable by other synthetic means. 

Figure 1 is a schematic representation of a PAMAMOS dendrimer-based network where circles represent PAMA- 
MOS or PPIOS dendrimers. 
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Figure 2 shows the structure of a polyamidoamine dendrimer, in particular, an EDA core, Generation 1 dendrimer, 
used to prepare the PAMAMOSdendrimer-based network of Figure 1. 

Figure 3 is the structure of the PAMAM repeating unit of the EDA core, Generation 1 dendrimer of Figure 2. 
Figure 4 is a pictorial representation of the apparatus for testing the permeability of PAMAMOS dendrimer-based 

f networks. 

Figure 5 is a pictorial representation, in more detail, of the syringe filter of the apparatus of Figure 4. 

The first well defined, symmetrical, dendrimer family were the polyamidoamine (PAMAM) dendrimers of the general 
structure depicted in Figures 2 and 3. In particular, Figure 2 shows the structure of an ethyl enediamine (EDA) core, 
w Generation 1 dendrimer and Figure 3 shows the structure of the PAMAM repeating unit These dendrimers are com- 
mercial products sold under the trademark STAR BUR ST® by Dendritech, Incorporated, Midland, Michigan, USA. 

Silicon containing dendritic polymers have gained increasing attention only recently There are three different main 
silicon containing dendrimer families. The most widely utilized is the carbosilane dendrimer family, used for various sur- 
face modifications. Their preparation was originally described in J. Chem. Soc., Chem. Commun., Pages 1400-1401, 
is (1 992). Polysiloxane-based dendrimers have also been reported, but the synthetic methodology for their preparation is 
not very practical, see Dokl. Akad. Nauk. SSSR, 309, Pages 376-380, (1989) and Macromolecules, Volume 24, Number 
12, Pages 3469-3474, (1991). A family of polysilane-based dendrimers have been reported, however, their syntheses 
have been successful only to very low generations, see, for example, Angew. Chem. Int. Ed. Engl., 34, No. 1 , Pages 98- 
99, (1995); J. Am. Chem. Soc, Volume 117, No. 14, Pages 4195-4196, (1995); and Chemistry Letters, Pages 293-294, 
20 (1995). 

In comparison, the uniqueness of our invention resides in the preparation of networks from copolydendrimers hav- 
ing a covalently bonded hydrophilic PAMAM or PPI interior and an oleophilic hydrophobic organosilicon radially concen- 
tric outer layer. Prior work to prepare hydrophobic dendrimers with hydrophilic interiors has not included organosilicon 
outer layers, see for example, Polymer Preprints, Volume 37, Number 2, Page 247, (1996). 

25 Thus, our PAMAM-organosilicon layered dendrimers (PAMAMOS), in which a hydrophilic PAMAM comprises the 

interior and organosilicon generations are built on top and surround thereof, represent the first dendrimers of this kind 
which are both inert and possess reactive functional groups, on the outer surface of the dendrimer. including for exam- 
ple, groups such as (CH 3 ) 3 Si« t (CH 3 0) a (CH 3 )3_ a Si- and (CH 2 =CH) a (CH 3 ) 3 _ a Si-. where a is 1 , 2 or 3. 

Accordingly, our dendrimer compositions have a variable degree of reactive functional groups on the PAMAMOS or 

30 PPIOS dendrimer surface, depending upon (i) the functionality of the starting PAMAM or PPI dendrimer reactant; (ii) the 
completeness of modification by the organosilicon reagent; and (iii) the functionality (2) of the organosilicon reagent. 
The functionality of PAMAM or PPI dendrimers is determined by the functionality of the initiator core reagent used in 
their synthesis and by generation. For example, when ethylene diamine (EDA) is used as the initiator core reagent, the 
functionality of the amine terminated PAMAM dendrimers ranges from 4 at generation 0 to 4096 at generation 1 0, dou- 

35 bling from every generation to the next, as shown in Table 1 above. For complete substitution, the number of functional 
groups of organosilicon derivatized PAMAM dendrimers (PAMAMOS) is determined by the relationship 
2 ■ 2 pamam N b • wn e r e 2 pamam is the number of functional groups of the starting PAMAM dendrimer; N b is the 
branching functionality of the organosilicon modifier used in the preparation of the PAMAMOS copolydendrimer which 
is 2 or 3 and G is the number of organosilicon layers, i.e., generations surrounding the PAMAM interior. 

40 Our present invention also provides for the utilization of silicon-containing dendrimers for preparation of more com- 
plex nanoscopic products such as in dendrimer-based networks. Such networks can result from establishing a three- 
dimensional covalent connectivity between individual dendrimers. In principle, such connectivity is established (i) 
between the surfaces of two adjacent dendrimers, (ii) between one dendrimer surface and another dendrimer interior, 
and (iii) between interiors of two neighboring dendrimers. 

45 Accordingly, as shown in Figure 1 , our invention is directed to the first of these three possible scenarios. As such, 

connectivity is achieved either (i.a.) by reacting two types of dendrimers having different but mutually reactive functional 
groups or (i.b.) by reacting a particular dendrimer with an appropriate difunctional, Afunctional or polyfunctions con- 
nectors) . 

Both of these approaches have been demonstrated but only with pure PAMAM dendrimers. Thus, by the first 
so approach, amine surface PAMAM dendrimers have been reacted in a classical amidation reaction with carbomethoxy 
surface PAMAMs, to produce higher dendrimer agglomerates. See, for example, U.S. Patent 4,568,737 (February, 
1986). U.S. Patent 4,713.975 (December, 1987) and U.S. Patent 4,737.550 (April, 1988). Using the second approach, 
carbomethoxy surface PAMAMs have been reacted with ethylene diamine and amine surface PAMAM dendrimers have 
been treated with K 2 PtCI 4 . to prepare ordered dendritic multilayers. See, for example, Polymer Journal. Volume 1 7, No. 
55 1, Pages 117-132, (1985); and J. Am. Chem. Soc. Volume 116, No. 19, Pages 8855-8856, (1994); respectively. It 
should be noted, however, that the products obtained were not elastomers, but rather amorphous solids at room tem- 
perature. 

In addition, organosilicon networks described as being "somewhere in between inorganic glasses and organic 



□CID: <EP 0B93482A 1.1. > 



3 



EP 0 893 482 A1 



elastomers", were also prepared. However, the precursors used were not dendrimers, but small molecular weight multi- 
functional branched compounds having 12 alkoxysilane groups per molecule, emanating from either a single silicon 
atom, a linear disiloxane segment or a ring system. See, for example, MJ Michalczyk and KG Sharp, 29th Organosilicon 
Symposium, Evanston, Illinois (March 22-23, 1996). 

Our invention provides silicon-containing dendrimer-based networks (including elastomers) prepared from radially 
layered copoly(amidoamine-organosilicon) (PAMAMOS) or copoly(propyleneimine-organosilicon) (PPIOS) dendrimer 
precursors. Since polyamidoamines and polypropylenei mines are hydrophilic moieties, the resulting products are the 
first silicon-containing networks (including elastomers) having covalently bonded hydrophilic and hydrophobic nano- 
scopic domains; the size, shape and relative distribution are precisely controlled by reagents and conditions used in the 
synthesis of the precursors and by preparative conditions applied in their crosslinking into a network. 

PAMAMOS precursors are obtained from PAMAM dendrimers whose surface has been partially or completely mod- 
ified with functional organosilicon moieties. Related precursors are also prepared from poly(propyleneinine) (PPI) den- 
drimers in the same way. Such precursors are the subject matter of U.S. Patent No. 5,739,21 8 entitled "Radially Layered 
Copoly(amidoamine-organosilicon) Dendrimers". 

The synthesis of such dendrimers with radially heterogeneous molecular compositions is based on different com- 
binations of hydrophilic and hydrophobic layers. Thus, the structural units combined in these dendrimers are (a) a water 
soluble amidoamine repeat structure such as -[(CH 2 ) 2 -CO-NH-(CH 2 ) 2 -N]= or a water soluble poly(propyleneimine) 
repeat structure such as -[(CH 2 ) 3 N]= and (b) a hydrophobic organosilicon structure. 

The compositions are organized as a hydrophilic poly(amidoamine) (PAMAM) or poly(propyleneimine) (PPI) interior 
with a hydrophobic organosilicon exterior layer. The nature of the organosilicon layer may vary, as well as the architec- 
tural parameters of the dendrimer structure itself, including the functionality of the core, length and functionality of the 
branches and the generation of each different layer, i.e., their relative thickness. 

The general structure of such dendrimers and their formation is represented below: 



Some examples of preferred organosilicon modifiers are compounds such as (3-acryloxypropyI)methyldimethox- 
ysilane, (3-acryloxypropyl)bis(vinyldimethylsiloxy)methylsilane, iodomethyldimethylvinylsilane, chloromethyldimethylvi- 
nylsilane, as well as other (3-acryloxypropyl)-functional silanes or other haloalkyl-functional silanes. 

PAMAMOS dendrimers are functional, globular, nanoscopic macromolecules having sizes ranging from 1 to 15 nm 
in diameter; molecular weights ranging from 1,200 to 1,000,000; with a hydrophilic PAMAM interior encapsulated in a 
covalently connected lyophilic (oleophilic, hydrophobic) organosilicon outer shell. As such, they can be used for the 
preparation of PAMAM-organosilicon-containing dendritic networks, when having reactive silicon -functional groups at 
the outer surface. Reference is made to Figure 1 for a schematic representation of one such network according to our 
invention. 

The reactive silicon-functional groups at the outer surface include any (CH 3 ) 3 _ 2 _ y X 2 W y Si- moiety, where X and W 
represent reactive groups, z is 1, 2 or 3; and y is 0, 1 or 2. For purposes of this invention, any reactive silicon-functional 
group X or W can be used, including for example, -NH 2> -NR 2 , mercapto (-R'SH), vinyl (-HC=CH 2 ), allyl, hydrogen, hal- 
ogen, acetoxy -0(0)CCH 3> ureido and alkoxy or aryloxy -OR. R represents an alkyl group having 1-6 carbon atoms or 
an aryl group such as phenyl; and R' represents the corresponding alkylene or arylene groups. The alkoxy group -OR 
is most preferred. In addition, W is either a reactive or a non-reactive group, in which case W is different from -CH 3 or -X. 

Crosslinking of PAMAMOS or PPIOS dendrimers into dendrimer-based networks is achieved by any number of dif- 
ferent types of reactions, including: 

(1) catalyzed addition reactions, such as hydrosilation or thiol addition, in the case of =SiCH=CH 2 , =Si-CH 2 - 
CH=CH 2 , =Si-R-SH or^SiH surface functionalized dendrimers; 

(2) self-catalyzed reactions, such as hydrolysis with moisture or water, in the case of =SiCI and =Si-OR surface 
functionalized dendrimers; 

(3) non-catalyzed addition reactions, such as Michael addition; and 

(4) condensation reactions. 

The crosslinking is performed with or without one or more added reactants, such as small molecular or oligomeric 
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(i) (Afunctional reagents A 2 , (ii) trifunctional reagents A 3 , (iii) polyfunctional reagents A x where x is 4 or more, or (iv) by 
simply using moisture from the atmosphere or intentionally added water. Representative A 2 , A 3 and A x reagents are 
organohalosilanes, tetrahalosilanes, organosilanoles, organo(organooxysilanes), namely, dialkoxysilanes and trialkox- 
ysilanes, organo-H-silanes, organoaminosilanes, organoacyloxysilanes, namely, acetoxysilanes, organosilsesquiox- 
5 anes, ureido-substituted silanes, vinyl-substituted silanes and ally I -substituted silanes. Corresponding organic or 
organometallic compounds can also be employed. 

Obtained elastomers are clear, highly transparent materials, exhibiting low glass temperature (T g ) and high thermal 
and thermo-oxidative stability. The exact values of these property parameters will depend on the PAMAM dendrimer 
and the organosilicon reagent used; their relative content in the resulting PAMAMOS copolydendrimer; the number of 
io built outer organosilicon layers; and the type and relative amount of reagents A 2 , A 3 and A x . 

The elastomers are mechanically stable. They show unique separation and swelling characteristics and can be 
obtained as thin films having non-stick surfaces. Their unique interior structure provides evenly distributed hydrophilic 
domains of precisely controlled nanoscopic sizes, which are covalently connected within an oleophilic and elastomeric 
organosilicon matrix. Reference is again made to Figure 1 of the present application, for a schematic representation of 
75 one such network 

This unique network architecture offers (i) new avenues in the preparation of specialty membranes; (ii) new types 
of protective or functional coatings; and (iii) novel routes to composites having other organic, organometallic or inor- 
ganic additives, namely, metal oxides, sulfides or salts; that have not been available with organosilicon polymers prior 
to our invention. Additional applications include use of these elastomers in skin-patch delivery systems, as controlled 

20 porosity materials, as adsorbents, stationary phases for chromatographic applications, as well as for the preparation of 
new personal care products and agricultural products. 

Our invention provides dendrimer-based networks from radially layered copolydendrimers having dramatically dif- 
ferent intra-molecular composition, i.e., their surfaces and their interiors. The resulting network product has well 
defined, covalently bonded and dramatically different domains including hydrophilic and hydrophobic regions distrib- 

25 uted throughout its bulk. Additionally, the size and shape of the hydrophilic domains is precisely controlled by selection 
of an appropriate PAMAM or PPI dendrimer generation used for copolydendrimer precursor preparation. As an exam- 
ple, reference is made to Figure 2 and Table 1 , for appropriate type of PAMAM dendrimers. In general, however, the 
hydrophilic dendrimer is a generation 0 to generation TO polyamidoamine dendrimer or a generation 0 to generation 5 
polypropyleneimine dendrimer. The molecular weight of the hydrophilic dendrimer ranges from 350 to over 1 ,000,000. 

30 The hydrophobic domain is prepared by controlling the chemical composition and thickness of the organosilicon 
layer formed on the hydrophilic PAMAM or PPI interior. Therefore, since the size and shape of both of the network 
domains is controlled, predesigned properties for the resulting network are possible. To prepare a network wherein all 
domains of the network are equal in size and shape, a single PAMAMOS or PPIOS copolydendrimer precursor is used 
in the crosslinking reaction. If, however, a specific distribution pattern of relative sizes and shapes of the domains is 

35 desirable, then mixtures of different PAMAMOS, PPIOS or combinations of the two, prepared from different generation 
PAMAM or PPI dendrimers having different thickness of organosilicon surface shells, are used in the preparation. 

Radially layered dendrimer based networks prepared from PAMAMOS or PPIOS copolydendrimers, namely, those 
described in this present application, possess unique combinations of hydrophilic/hydrophobic properties, depending 
on the relative size and shape of their respective domains. As explained above, their nanostructure is adjusted to 

40 achieve a desired property. In addition, radially layered dendrimer based networks having tailored semipermeability, tai- 
lored swelling and diffusion behavior, tailored surface and mechanical properties, tailored glass temperature and tai- 
lored insulating, and optical characteristics, are provided according to the teaching of our invention. 

These networks find practical application in elastomeric coatings for material science and electronics; biomolecular 
and biomedical engineering; liquid crystal engineering; molecular devices capable of information storage; separation 

45 processes; membrane reactor design; organo-inorganic composites; skin-patch delivery systems; controlled porosity 
materials; adsorbents; delivery systems; coloring of silicone elastomers; stationary phases for chromatography; per- 
sonal care; agricultural products; and as components of electrical, electronic, optical, optoelectronic and data storage 
devices. 

In preparing dendrimer-based networks from radially layered copoly(amidoamine-organosilicon) (PAMAMOS) or 
so copoly(propyleneimine-organosilicon) PPIOS dendrimer precursors, the structural composition of the dendrimer is var- 
ied so as to result in different mass and size ratios of the two compositions. Thus, the size of the hydrophilic polyami- 
doamine or polypropyleneimine domain is predefined by selecting an appropriate PAMAM or PPI dendrimer for use in 
the precursor preparation. The relative mass ratio and size of the organosilicon domains is predefined by the number 
and structure of the organosilicon layer around the PAMAM or PPI core in the radially layered PAMAMOS or PPIOS 
55 copolydendrimer precursor and by the number and type of crosslinking reagent, if a crosslinking agent or agents are 
employed. 

Organosilicon compounds that react to form the dendrimer, i.e., the organosilicon modifier, are compounds such 
as (3-acryloxypropyI)methyldimethoxysilane. (3-acryloxypropyl)bis(vinyldimethylsiloxy)methylsilane, iodomethyldimeth- 
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ylvinylsilane. chloromethyldimethylvinylsilane, as well as other (3-acry1oxypropyl)-functional silanes or haloalkyl-func- 
tional silanes. 

The type of reactive surface group of the PAMAMOS or PPIOS copolydendrimer precursor which participates in the 
network forming crosslinking is defined in the last stages of the precursor preparation. In the examples which follow, 

5 although the surface group used is =Si-OCH 3 , other surface groups are possible, such as different ^Si-OR groups, ^Si- 
halogen. -Si-NH 2 , =Si-NR 2 , -Si-H, -Si-Vinyl, ^Si-Allyl, - Si-R-SH, =Si-0(0)CCH 3 or -Si-NH(0)CNH 2 (-Si-Ureido). 
The type and the extent of the crosslinking obtained depends upon the type of the dendrimer surface group selected. 
In the examples set forth below, crosslinking is obtained by the controlled or uncontrolled hydrolysis of PAMAMOS den- 
drimer precursors having =Si-OCH 3 surface groups, using either water or atmospheric moisture. 

io Examples of specific crosslinking agents that can be used to react with the dendrimer are small molecular or oligo- 
mers (i) difunctional reagents A 2 , (ii) Afunctional reagents A 3 , or (iii) polyfunctional reagents A x where x is 4 or more. 
Representative A 2 , A 3 and A x reagents are organohalosi lanes, tetrahalosi lanes, organo(organooxysiianes), namely 
dialkoxysilanes and trialkoxysilanes, organo-H-si lanes, organoaminosilanes, organoacyloxysilanes, namely acetoxysi- 
lanes. organosilsesquioxanes, vinyl-substituted silanes, al I yl -substituted silanes and corresponding organic or organo- 

15 metallic compounds. 

Thus, the following examples are set forth in order to illustrate and to describe in more detail our invention of den- 
drimer-based networks. The method is not solvent specific and among suitable solvents for preparing the radially lay- 
ered copolydendrimer precursors are methanol, N,N-dimethylformamide, tetrahydrofuran, dimethylacetamide, 
dimethyisulfoxide. N-methyl-2-pyrrolidone, hexamethylphosphoramide, chloroform, methylene chloride and tetramethy- 
20 lurea. 

Preliminary characterization data is included in the examples. 

Example 1 - Modification of generation 3 f E3) EDA core PAMAM dendrimer with (3-acrvloxvpropvl)dimethoxvmethylsi- 
lane 

25 

All glassware used in this synthesis was first dried overnight in a heating oven and then assembled while still hot. 
A three-necked round bottomed flask was equipped with a nitrogen inlet, a stopper and a condenser with another stop- 
per at its top; evacuated to a partial vacuum; and flame-dried using several nitrogen-vacuum purging cycles. After the 
assembled glassware was cooled back to room temperature (20-25°C), the apparatus was filled with nitrogen predried 

30 by passing it over DRIERITE®, the stopper on the flask was removed under a strong counter-stream of dry-nitrogen 
and replaced by a rubber septum. A rubber balloon was placed on the top of the condenser to allow control of slight 
over pressures in the assembly. Syringes were also dried overnight in the oven and kept in a desiccator until used. The 
dendrimer was lyophilized under high vacuum overnight in a round -bottomed flask, then weighted (1 .46 g; 0.21 mmol; 
13.57 mmol of -NH groups), placed under dry-nitrogen and the flask was equipped with a rubber-septum. Anhydrous 

35 methanol (14 ml_) was added via a syringe through the septum. When all of the dendrimer was dissolved, the mixture 
was transferred with a syringe to the apparatus. To the apparatus was added an entire amount of (3-acryloxypro- 
pyl)dimethoxymethylsilane (3.8 mL; 16.09 mmol; 1.2 mmol excess based on -NH groups) and the mixture was left at 
room temperature, with stirring, under nitrogen atmosphere, for 24 hours. The percent of modification was determined 
by 1 H Nuclear Magnetic Resonance (NMR) of the crude sample. For this determination, 1 mL of the sample was 

to removed from the reaction mixture with a syringe and introduced in a two-necked round bottomed flask equipped with 
a septum and a nitrogen inlet. Methanol was evaporated under vacuum and replaced with 0.7 mL of deuterated chloro- 
form CDCI 3 . The modified dendrimer was stable, providing it was kept in an anhydrous solution. Analytical results using 
1 H NMR in CDCI 3 were as follows: 0.02 ppm (s; =Si-Chb); 0.52 ppm (m; - CH 2 -Si^): 1 .61 ppm (m; -COO-CH 2 - CH r CH 2 - 
Si-); 2.4-3.6 ppm (PAMAM dendrimer protons); 3.40 ppm (s; ^Si-O-Cfcb); 3.94 ppm (t; PAMAM-COO-CHo-1: 4.02 ppm 

*s (t, CH 2 =CH-COO-CH2-); 5.68-6.32 ppm (d + dxd + d; CH 2 =CH -COO-). Analytical results using 13 C NMR in CDCI 3 for 
the modified dendrimer were: -6.18 ppm (^Si-£hb); 8.89 ppm (- CHo -SU): 21 .82 ppm (-COO-CH 2 -£H2-CH 2 -Si^); 32.37 
ppm (=N-CH 2 -£H2-COO-(CH 2 ) 3 -Si=); 33.54 ppm (-Chb-CO-NH ); 34.75 ppm (-NH-CH 2 -(^-COO-(CH 2 ) 3 -Si«); 37.10 
and 37.29 ppm (-CO-NH-Chfc-). 38.76 ppm (-CO-NH-CH2-CH 2 -NH-(CH2) 2 -COO-); 44.43 ppm (-CO-NH-CH 2 - CH 2 -NH- 
(CH 2 ) 2 -COO-); 48.37 ppm (-NH-CH2-CH 2 -COO-(CH 2 ) 3 -Si=); 48.92 ppm (-CO-NH-CH 2 -CH2-N-((CH 2 ) 2 -COO-) 2 ); 49.54 

*o ppm (-CO-NH-CH 2 -CH 2 -N=): 49.89 ppm (-Si-O-Chb); 51.33 ppm (=N-CH r CH 2 -COO-): 52.20 and 52.60 ppm (=N- 
CH2-CH 2 -CONH-); 66.31 ppm (=N-fCH 2 ) 2 -CQO-CHo-) ; 128.32 and 130.18 ppm (CHo=CH -): 172.21 and 172.31 ppm 
(-CH 2 -CH 2 -QOO- and -QO-NH-) and unreacted acrylate reagent: -6.18 ppm (^Si-CH 3 ): 8.89 ppm (- CHo -Si=): 21.82 
ppm (-COOCH 2 -CH2-CH 2 -Si-); 49.89 ppm ( s Si-0-CH 2 ): 66.36 ppm (CH 2 =CH-COO-CH2-); 128.32 and 130.18 ppm 
(£fcb=CH-) ; and 1 65.92 ppm (CH 2 =CH-COO-). 

.'5 
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Example 2 - Preparation of a dendrimer-based network from a PAMAM-oraanosilicon copolvdendrimer having on aver- 
age 84.5 E*Si-OQH3 _ surfrce grpgps 

A PAMAM-organosilicon copolydendrimer precursor having on average 84.5 reactive methoxy end-groups on its 

£ surface, was synthesized by the procedure of Example 1 , during 24 hours of reaction time. 1 mL of the reaction mixture 
having 0.015 mmol of dendrimer and 0.5 mmol of (3-acryloxypropyl)dimethoxymethylsilane in 1 mL of methanol was 
poured in an aluminum pan, covered with an aluminum foil and left exposed to room atmosphere without any additional 
precautions. In contact with moisture from air and catalyzed by the basic PAMAM interior, the cure occurred slowly, 
accompanied by the slow liberation and evaporation of methanol. The pan was weighted from time to time. After 5 days, 

10 the resulting product was obtained in the form of a perfectly clear, transparent colorless film, ft was not soluble in meth- 
anol, methylene chloride, tetrahydrofuran (THF), acetone or water. This was determined by attempted solubilization of 
5 mg of the product in 5 mL of a solvent for 1 month. 

The thermal properties of the film were examined by differential scanning calorimetry (DSC) and thermal gravimet- 
ric analysis (TGA), in nitrogen and in air. DSC was performed from -65°C. to +100°C. at a heating rate of 10°/min. TGA 

is was performed from room temperature to 1 ,000°C. at a heating rate of 20Vmin. The glass temperature T g was found at 
-7°C. In nitrogen, samples were stable until 1 75°C, above which was observed a two-step weight loss process. The first 
step started at 175°C. and ended at 355°C. The sample lost 40 % of its original weight, with the maximum rate of this 
loss found at 320°C. The second step started at 355°C. and continued until 600°C. The total weight lost was 48% of the 
original weight, with the maximum rate of this loss appearing at 390°C. In air, the degradation was in a three-step proc- 

20 ess. The first step started at 180°C, showed maximum rate of weight loss at 300°C. and ended at 350°C., resulting in a 
total weight loss of 21% of the original weight. The second step started at 350°C, showed maximum rate of weight loss 
at 400°C. and ended at 565°C, after the total weight loss was 35% of the original sample weight. The final third degra- 
dation step started at 565°C., showed maximum rate of weight loss at 655°C. and ended at 780°C, with the total weight 
loss of 20% of the original sample weight. 

25 The permeability of the film to water was examined using a syringe filtration apparatus as depicted in Figures 4 and 

5. Such apparatus is well known in the art and typically comprises a VACUUM FLASK for supporting the SYRINGE FIL- 
TER. The FILTER includes a MEMBRANE positioned between PAPER FILTERS and supported on a stainless steel 
WIRE MESH. Communication between the SYRINGE FILTER and the VACUUM FLASK is established by passing the 
NEEDLE of the SYRINGE FILTER through a SEPTUM on the VACUUM FLASK. 

30 The rate of decrease of the meniscus of 20 mL of water in the SYRINGE was followed as a function of time. When 
the partial VACUUM applied to the VACUUM FLASK was 0.3 Torr, the flow rate of pure water through the MEMBRANE 
contained in the FILTER was 2 mUmin, as compared to 2.5 mL/min through the same apparatus when the MEMBRANE 
was absent. 

Permselectivity of the film was tested with NaCI solution, also using the apparatus depicted in Figures 4 and 5. The 

35 NaCI solution used was prepared from 5.8478 gram of NaCI dissolved in 1 liter of deionized water. A concentration of 
0.10006 mol/L was determined by titrating 5 mL of this solution in 50 mL of water with 0.1 N solution of silver nitrate. The 
silver nitrate solution was prepared by dissolving 17.0174 gram of silver nitrate in 1 L of deionized water to provide a 
concentration of 0. 1 001 7 mol/L, in the presence of dextrin (5 mL of 2% by weight of dextrin in water) and 5 drops of 0.2 
% by weight sodium fluorescein solution in water as indicator. In the determination for permselectivity, NaCI solution 

40 was first run through the apparatus without the MEMBRANE and the total volume collected and NaCI content were 
determined. Two runs were performed providing quantitative volumes of solutions collected. In each case, after the 
entire volume of each solution had passed through the FILTER in Figure 4, the apparatus was rinsed three times with 
a total of 45 mL of deionized water. To the joint filtrate and rinse, 5 mL of dextrin solution and 5 drops of fluorescein indi- 
cator were added and NaCI was titrated as above described. Following this procedure, the same two tests were per- 

45 formed through the cured dendrimer-based film when it was installed as the MEMBRANE shown in Figure 5. In both 
cases, it was found that the flow of NaCI was quantitative and that the film was completely permeable to NaCI. In both 
cases, the film was intact after completion of the tests. 

Another test for permselectivity was performed with a solution of methylene blue in water, at a concentration of 2.71 
x 10" 3 mol/L. Initially, a few blue drops of methylene blue went through the cured dendrimer-based film used as the 

so MEMBRANE, but then the MEMBRANE became completely impermeable to methylene blue. 

Example 3 - Preparation of an elastomeric dendrimer-based network from a PAMAM-oraanosilicon copolvdendrimer 
having on average 91 .5 ^Si-PCl-^ surface groups. 

55 The procedure for this preparation was that of Example 2, except that the modification of the PAMAM dendrimer 
was allowed to continue for 48 hours. As a result, the obtained modified dendrimer had on an average 91 .5 ^Si-OCH 3 
end groups per molecule. The obtained elastomeric film had T g of -20°C. as determined by DSC. The obtained elasto- 
meric film also had high temperature properties described hereinafter. In nitrogen, a two-step degradation process 
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started at 180°C.; the first step of which lasted until 340°C. showing a maximum rate of weight loss at 320°C, with a 
total weight loss 40% of the original sample weight. The second step started at 340°C lasted until 500°C., had a max- 
imum rate of weight loss at 390°C. and an overall weight loss of 45% of the original sample weight. In air, the three-step 
degradation process had the following characteristics. The first step started at 175°C., had a maximum rate of weight 
5 loss at 300°C. and a total weight loss of 22% of the original sample weight. The second step started at 340°C., lasted 
until 560°C., had a maximum rate of weight loss at 430°C. and the total weight loss was 38% of the original weight. The 
third step started at 560°C., lasted until 800°C., had a maximum rate of weight loss at 657°C. and the total loss was 
22% of the original sample weight. The permeability of the film toward water when used as MEMBRANE in the appa- 
ratus shown in Figures 4 and 5, was estimated at 0.008 mlVmin, using a partial VACUUM of 0.3 Torr. 

10 

Example 4 - Preparation of an elastomeric dend rimer-based network from a PAMAM -organosilicon copol yd end rimer 
having on average 96 ^Si-OCH^surface groups 

The procedure for this preparation was that of Examples 2 and 3, except that the modification of the dendrimer was 
15 allowed to continue for 71 hours of the total reaction time, resulting in an obtained modified dendrimer having on aver- 
age 96 =Si-OCH 3 surface groups per molecule. The T g of the obtained elastomeric film was -18°C. as determined by 
DSC. Its thermal and thermo-oxidative stability were similar to that described for the elastomeric film of Example 3. The 
permeability of the film toward water was 0.004 mUmin, using the apparatus depicted in Figures 4 and 5, under partial 
vacuum of 0.3 Torr. 

20 Our elastomeric dendrimer-based networks can be compounded with additives normally employed in silicone elas- 
tomers including fillers such as fused silica, carbon black and glass microballons; catalysts such as tin carboxylates and 
titanate esters; pigments; plasticizers; adhesion promoters; fungicides; flame retardants; thickeners; chain extenders; 
vulcanizing agents; and antioxidants. 

In addition, the networks provide an avenue for introducing various inorganic components into silicone rubbers. 

25 This is accomplished by molecular encapsulation of inorganic additives such as metals, metal oxides, sulfides and/or 
metal salts, into the PAMAM interior, prior to formation of its organosilicon exterior or by diffusion after the network has 
formed. 

Claims 

30 

1. A composition comprising a dendrimer-based network having hydrophilic and hydrophobic nanoscopic domains, 
comprising a crosslinked product of a radially layered copolydendrimer having a hydrophilic interior and a hydro- 
phobic organosilicon exterior terminated with reactive end groups, the copolydendrimer being prepared by reacting 
a hydrophilic dendrimer having -NH 2 surface groups, with an organosilicon compound, in the presence of a solvent. 

35 

2. The composition of claim 1 in which the reactive end groups of the copolydendrimer are hydrolyzable groups and 
the copolydendrimer is crosslinked to form a dendrimer-based network having hydrophilic and hydrophobic nano- 
scopic domains, by exposing the copolydendrimer to atmospheric moisture or by contacting the copolydendrimer 
with water. 

40 

3. The composition of claim 1 in which the copolydendrimer is crosslinked by contacting the copolydendrimer with a 
crosslinking agent selected from the group consisting of low molecular weight or oligomeric (i) drfunctional rea- 
gents, (ii) trifunctional reagents and (iii) polyfunctional reagents. 

45 4. The composition of claim 1 in which the reactive end groups on the hydrophobic organosilicon exterior of the copol- 
ydendrimer are moieties conforming to the formula (CH 3 ) 3 _ z _ y X z \NyS\-, wherein X represents the reactive end 
group; W is a reactive or non-reactive group different from -CH 3 or -X; y is 0, 1 or 2; z is 1 , 2 or 3; and z + y is 1 , 2 
or 3. 

>o 5. The composition of claim 4 in which the reactive end group X is selected from the group consisting of -NH 2 , -NR 2 , 
-R'SH. -HC=CH 2 . -CH 2 -CH=CH2, hydrogen, halogen, -0(0)CCH 3 , -NH(0)CNH 2 , alkoxy and aryloxy; wherein R 
represents an alkyl group having 1 -6 carbon atoms or an aryl group; and R' represents an alkylene group having 
1-6 carbon atoms or an arylene group; and the hydrophilic interior of the copolydendrimer is selected from the 
group consisting of polyamidoamine and polypropyleneimine. 

?5 

6. The composition of claim 1 in which more than one copolydendrimer is crosslinked to form the dendrimer-based 
network having hydrophilic and hydrophobic domains. 
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7. The composition of claim 7 in which the copolydendrimers have different generations of polyamidoamine or olypro- 
pyleneimine dendrimers in their interior surrounded by organosilicon exteriors of different thickness. 

8. The composition of claim 1 in which the dendrimer-based network is an elastomer having a glass transition tem- 
5 perature T g of -15°C. or less. 

9. The composition of claim 1 in which the dendrimer-based network has a glass transition temperature T g of -15°C. 
or more. 

io 10. The composition of claim 1 in which the hydrophilic dendrimer is a generation 0 to generation 1 0 polyamidoamine 
dendrimer or a generation 0 to generation 5 polypropyleneimine dendrimer. 

1 1 . The composition of claim 1 0 in which the hydrophilic dendrimer has from 3 to 41 00 surface groups. 

15 
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